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a  b  s  t  r  a  c  t
Two  new  cadmium  bismuthates,  CdBi2O6 and  Cd0.37Bi0.63O1.79, were  prepared  by  hydrothermal  reaction
using  NaBiO3·nH2O as one  of the  starting  compounds.  The  crystal  structures  of  these  compounds  were
reﬁned  by using  synchrotron  X-ray  powder  diffraction  data.  The  former  bismuthate  has  a  MnSb2O6-
type  structure  with  a  hexagonal  cell  (space  group:  P321);  the cell  parameters  were  a =  9.3641(7)  andeywords:
ismuth oxide
ydrothermal reaction
entavalent bismuth
c =  4.9523(3) A˚,  and  the  ﬁnal  R-factors  were  Rwp =  4.59%  and  Rp =  3.04%.  The  latter  bismuthate  has  a
ﬂuorite-type  structure  with  a  cubic  cell  (space  group:  Fm3¯m)  of  a  = 5.4110(4) A˚,  and  the  ﬁnal  R-factors
were  Rwp =  4.79%  and  Rp =  3.57%.  These  new  bismuthates  exhibit  no photocatalytic  activity  under  visible
light.
©  2015  The  Ceramic  Society  of  Japan  and  the Korean  Ceramic  Society.  Production  and  hosting  by
Elsevier  B.V.  All  rights  reserved.. Introduction
A variety of bismuthates have been prepared by low-
emperature hydrothermal reactions using sodium bismuthate
ydrate, NaBiO3·nH2O [1–20]. Some of them exhibited inter-
sting properties such as superconductivity, photocatalytic
ctivity and magnetic frustration. The double perovskite-type
Na0.25K0.45)(Ba1.00)3(Bi1.00)4O12 is a superconductor with Tc = 27 K,
nd this bismuthate is the ﬁrst example of perovskite-type oxides
ith ordered A site cations [18]. Some pentavalent bismuthates
uch as NaBiO3 and SrBi2O6 have excellent photocatalytic activity
nder visible light irradiation [21,22]. The layered bismuth man-
anese oxynitrate, Bi3Mn4O12(NO3), crystallizes to form a structure
omprising ﬂat NO3 layers alternating with two  PbSb2O6-like lay-
rs, and the temperature dependence of magnetic susceptibility
ndicates two-dimensional magnetism for this compound [16,23].
n addition there have been some reports for hydrothermal syn-
hesis of bismuth oxides [24–26]. Recently, we synthesized poorly
rystallized calcium and lead bismuthates with the PbSb2O6-type∗ Corresponding author. Tel.: +81 55 220 8615.
E-mail address: kumada@yamanashi.ac.jp (N. Kumada).
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ttp://dx.doi.org/10.1016/j.jascer.2015.04.003
187-0764 © 2015 The Ceramic Society of Japan and the Korean Ceramic Society. Producstructure and the formation energy for A2+Bi2O6-type compounds
was discussed with the ﬁrst principle calculation [20]. During the
course of our study on preparing new bismuthates by hydrothermal
reaction, we  found that two  new cadmium bismuthates, CdBi2O6
and Cd0.37Bi0.63O1.79, could be prepared by hydrothermal reaction
using the same starting compound. The former had the MnSb2O6-
type structure [27,28] and the latter had the ﬂuorite-type structure.
In cadmium bismuthates, the crystal structures of CdBi2O4 [29],
Cd4Bi2O7 [30], sillenite-type Bi12Cd0.7O18.7 [31], etc. have been
clariﬁed; however, no cadmium bismuthate with distinct Bi5+
has been reported yet. CdBi2O6 is the ﬁrst example of a cad-
mium bismuthate with distinct Bi5+. In this paper, we describe the
preparation and crystal structures for new cadmium bismuthates,
CdBi2O6 and Cd0.37Bi0.63O1.79.
2. Experimental
The samples were prepared by hydrothermal reaction as fol-
lows. NaBiO3·1.4H2O (2 g), Cd(NO3)2·4H2O (Cd/Bi = 0.5–4.0), and
H2O (30 ml)  were placed in a Teﬂon-lined autoclave (70 ml), and the
autoclave was heated at 110–180 ◦C for 4 days. The solid products
were separated by ﬁltration, washed with distilled water, and dried
at 50 ◦C. The products were identiﬁed by X-ray powder diffraction
using monochromated CuK radiation. The thermal stability was
tion and hosting by Elsevier B.V. All rights reserved.
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Table 1
Crystal data for CdBi2O6 and Cd0.37Bi0.63O1.79.
Chemical formula CdBi2O6 Cd0.37Bi0.63O1.79
Crystal system Trigonal Cubic
Space group P321, No. 150, Z = 3 Fm3¯m,  No. 225, Z = 4
Lattice parameters (Å) a = 9.3641(7) a = 5.4110(4)
c = 4.9523(3)
Volume (Å3) 376.07(5) 158.42(2)
Formula weight 626.37 201.89
Calculated density (g/cm3) 8.30 8.47
Rwp 4.59% 4.79%
Rp 3.04% 3.57%
RI 5.82% 7.25%
RF 2.63% 8.01%
S  4.39 3.17
Table 2
Structural parameters for CdBi2O6 and Cd0.37Bi0.63O1.79.
Atom Site x y z B (Å2)
Cd 3e 0.6361(6) 0.0 0.0 0.1(1)
Bi1 1a 0 0 0.0 1.3(2)
Bi2  2d 1/3 2/3 0.506(4) 0.6(1)
Bi3  3f 0.3017(4) 1/3 0.24(3) 0.9(1)
O1  6g 0.086(8) −0.102(6) 0.741(5) 1.5
O2  6g 0.469(9) −0.415(9) 0.751(6) 1.5
O3  6g 0.222(7) −0.211(9) 0.285(6) 1.5
Atom Site Occupancy x y z B (Å2)
Cd/Bi 4a 1.0 0 0 0 2.20(3)
distance (2.43 A˚) in (Pb1/3Bi2/3)O1.4 with the ﬂuorite-type structure
[19].
The crystal structure of MnSb2O6 may  be derived from the
PbSb2O6-type structure. In the latter structure the layers consisting
Table 3
Selected interatomic distances (Å) for CdBi2O6 and Cd0.37Bi0.63O1.79.
CdBi2O6
Cd–O1 2.52(5) X 2
Cd–O2 2.18(6) X 2
Cd–O3 2.32(5) X 2
Mean 2.34
Bi1–O1 1.99(7) X 6
Bi2–O2 2.15(3) X 3
Bi2–O3 2.19(8) X 3
Mean 2.17
Bi3–O1 2.12(6) X 2
Bi3–O2 2.24(7) X 2
Bi3–O3 2.03(7) X 2Fig. 1. TG curves for CdBi2O6 (a) and Cd0.37Bi0.63O1.79 (b).
nvestigated by TG with a heating rate of 10 ◦C/min from room tem-
erature to 600 ◦C. Synchrotron X-ray powder diffraction (SXRD)
easurements were performed using beam line BL02B2 at the
Pring-8 facility. The data were collected with a constant wave-
ength ( = 0.42274 A˚) at room temperature. RIETAN-2000 [32] was
sed for crystal structure reﬁnement and crystal structure was
rawn by using VESTA [33].
Diffuse reﬂectance spectra of the powder samples were mea-
ured with a JASCO V-550 spectrometer. The photocatalytic
ctivities were examined for the decomposition of phenol (20 ppm
olution) under visible light with a cut-off wavelength of 420 nm.
ime dependence of phenol concentration was checked by liquid
hromatography (Prominence LC-20AT, Shimadzu).
. Results and discussion
The products synthesized by hydrothermal reaction using
aBiO3·nH2O and Cd(NO3)2·4H2O depended on the reaction
emperature, and three types of compounds were observed
or Cd/Bi = 2.0–4.0 in the temperature range of 110–180 ◦C.
hen the reaction temperature was 110 ◦C, dark brown powder
f CdBi2O6 was obtained. At 130–170 ◦C, dark brown pow-
er of Cd0.37Bi0.63O1.79 was observed and, at 190 ◦C, single
rystals of Cd3(OH)5NO3 [34] were crystallized in addition to
d0.37Bi0.63O1.79. The X-ray powder diffraction patterns of CdBi2O6
nd Cd0.37Bi0.63O1.79 were indexed with a hexagonal cell of a = 9.36
nd c = 4.95 A˚, and a cubic cell of a = 5.41 A˚, respectively. The Bi/Cd
olar ratios in CdBi2O6 and Cd0.37Bi0.63O1.79 were determined
o be 2.02 and 1.71, respectively from ICP analysis. Fig. 1 shows
he TG curves of CdBi2O6 and Cd0.37Bi0.63O1.79 which are ther-
ally unstable. Above 300 ◦C, both compounds decomposed, the
ccompanying mass loss being due to the reduction of Bi5+ to Bi3+.
n the case of CdBi2O6, the calculated mass loss was  5.11%, and
his value agreed with the observed one (5.47%). In the case of
d0.37Bi0.63O1.79, from the observed value of the mass loss (3.82%),
he oxygen content was estimated to be 1.79 and the mean valence
f Bi was calculated to be +4.5.
The X-ray powder diffraction pattern of CdBi2O6 could be
ndexed with the hexagonal cell as mentioned above, and the
rystal structure reﬁnement using SXRD led to reasonable R-
actors (Rwp = 4.59% and Rp = 3.04%) in assumption with the crystal
tructure of MnSb2O6 [27,28]. The crystal structure reﬁnement of
d0.37Bi0.63O1.79 was successful, leading to R-factors (Rwp = 4.79%
nd Rp = 3.57%) on the basis of the typical ﬂuorite-type struc-
ure model with the space group Fm3¯m.  The details of structure
eﬁnement and the structure parameters are summarized in
ables 1 and 2, respectively. Selected interatomic distances are
isted in Table 3. The Rietveld reﬁnement patterns of SXRD for
dBi2O6 and Cd0.37Bi0.63O1.79 are shown in Fig. 2. Fig. 3 shows the
rystal structure of CdBi2O6. In this crystal structure, both Cd and Bi
toms are coordinated octahedrally by six O atoms. There are threeO  8c 0.895 0.25 0.25 0.25 1.5
The B values of oxygen atoms were ﬁxed.
sites of Bi atoms; Bi1O6 octahedra coexist with CdO6 ones in the
layer I and Bi2O6 and Bi3O6 octahedra form the layer II as shown in
Fig. 4. The Bi1–O distance (1.99 A˚) is shorter than the mean Bi–O dis-
tances (2.17 and 2.13 A˚) for Bi2 and Bi3 atoms. The latter values are
in agreement with those in other pentavalent bismuthates: 2.101 A˚
in Bi2O4 [7], 2.11 A˚ in LiBiO3 [8], 2.10 A˚ in MgBi2O6 [9], and 2.12 A˚ in
AgBiO3 [12]. Similar tendency for metal–oxygen bond distances is
observed in MnSb2O6, in which the Sb–O distance (1.95 A˚) in MnO6
and SbO6 mixed layer is shorter than those (1.96 and 2.06 A˚) of the
Sb–O distance in SbO6 layer [27]. The mean Cd–O distance (2.3 A˚)
was compared with that (2.34 A˚) in CdSb2O6 with the PbSb2O6-
type structure [35]. In ﬂuorite-type Cd0.37Bi0.63O1.79 the (Cd,Bi)–O
distance (2.3430(2) A˚) was slightly shorter than the mean (Pb,Bi)–OMean 2.13
Cd0.37Bi0.63O1.79
Cd/Bi–O 2.3430(2) X 8
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vig. 2. Rietveld reﬁnement pattern of the synchrotron powder diffraction data for Cd
re  drawn by dots and lines, respectively. In the middle portion, the short vertical li
etween the observed and calculated intensities is shown.
f edge-sharing SbO6 octahedra stack along the c-axis and the inter-
ayer space is occupied by Pb atoms octahedrally coordinated by
ix oxygen atoms. In MnSb2O6, the ordering of Mn  and Sb atoms
s different from that in the PbSb2O6-type structure. The penta-
alent bismuthates, A2+Bi2O6 (A2+: Mg,  Zn, Ca, Sr, Ba, and Pb),
Fig. 3. Crystal structure of CdBi2O6. The solid lines represent the unit cell.(a) and Cd0.37Bi0.63O1.79 (b). In the upper portion, observed and calculated intensities
note the positions of possible Bragg reﬂections. In the lower portion, the difference
had the trirutile- or PbSb2O6-type structure and a linear relation-
ship was  observed for whole range of the sum of ionic radii in
spite of the difference between crystal structures of trirutile- and
PbSb2O6-type [19]. Two  compounds, MnSb2O6 and CdBi2O6 fall on
the linear relationship for the PbSb2O6-type compounds, while the
Na2SiF6-type M2+U2O6 (M:  Co, Ni) [36] and TeB3+2O6 (B3+: Sc, In)
[37,38] obey another linear relationship as shown in Fig. 5. The
Fig. 4. The layers I and II in CdBi2O6. The solid lines represent the unit cell.
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